Background/Objective: This study assessed the extent to which ulna length could be used to predict height and body mass index (BMI) in various groups of English and Portuguese hospitalised patients, and tidal volumes in critically ill patients at risk of requiring ventilatory support. Subjects/Methods: Bedside measurements of weight, height and ulna length were made in 507 patients (432 English, 75 Portuguese; 264 men, 243 women) with a mean age of 61.8 ± 18.9 years, height 165.1 ± 9.5 cm and BMI 26.7 ± 5.43 kg/m 2 . Results: Ulna length could be measured with ease in all subjects. The intra-observer technical error of measurement in the same subjects was 1%. Within each category of men and women aged o65 years and 65 years and over, there was no significant difference between the English and Portuguese in the intercept or regression coefficients for the ulna-height relationships. A strong relationship was found between predicted and measured height (r ¼ 0.963, standard error of the estimate 4.6 cm). The overall mean and s.d. of the difference was 0.3±2.7% of height, with no significant difference between English and Portuguese populations. The discrepancy between measured and predicted BMI corresponded to 0.7 ± 5.5% (s.d.) (all subjects) and for ventilatory volumes predicted from height (critically ill subjects only) 0.7±7.1%. Conclusion: Height can be predicted from ulna length with precision and ease in a wide range of patient groups, and without the need to use different equations in English and Portuguese populations. The predicted measurements are acceptable in most clinical circumstances.
Introduction
In clinical practice, height is measured in order to assess growth in children and to calculate body mass index (BMI), a marker of weight status in children and adults. It is also used to estimate surface area, which in turn can be used to calculate doses of certain drugs (Lack and Stuart-Taylor, 1997; Felici et al., 2002) and renal clearance (Jin et al., 2008) . In intensive care units, it can be used to estimate tidal volumes of patients requiring artificial ventilation (The acute respiratory distress syndrome network, 2000) (lung volumes are predicted from height in each gender (Crapo et al., 1982a (Crapo et al., , 1982b ).
Stature is usually measured accurately with stadiometers, and when there are difficulties in making the measurement in the standing position, self-reported height can be used. However, this may not be possible in confused, unconscious or sedated patients, such as those in the intensive care units, and estimates by experienced staff in such units (Leary et al., 2000) are variable and unsatisfactory. Lying height may also be measured, but it is not often undertaken because it can be time consuming, the observers may need substantial training to achieve accurate and reproducible results, and certain patients may experience pain or discomfort when moved into the correct measurement position. A variety of surrogate measurements can also be used, such as knee height (Chumlea et al., 1985) , tibial length (Stevenson, 1995) , forearm and total arm length (Haboubi et al., 1990) , leg length (Guzman Hernanndez et al., 2005) , and demispan or armspan (Kwok and Whitelaw, 1991) , but at least some of these can be difficult to undertake in hospitalised patients, especially in bed-bound patients lying in unusual positions or sitting on a chair. For example, measurement of demispan, which requires the arm to be placed sideways at right angles to the neck and side of the body, and in the same plane as the top of the chest, may be difficult. Measurement of knee height can also be difficult in the absence of the appropriate equipment and the correct measurement position, which is not easily attainable in some patients. In contrast, ulna length measurements are generally easy and quick to perform, even in bed-bound or chair-bound patients (Elia M (chairman & editor), 2003) . The Malnutrition Universal Screening Tool (MUST) suggests that ulna length can be used for this purpose in patients whose height cannot be easily measured, but it has only been validated in hospitalised patients in England (Elia M (chairman & editor), 2003) . As the relationship between some surrogate measures, such as knee height and standing height, is known to vary between different national groups (Chunlea and Guo, 1992; Myers et al., 1994; Cheng et al., 2001; Knous and Arisawa, 2002; Elia M (chairman & editor), 2003; Palloni and Guend, 2005) , it is possible that ulna length-height relationships also vary between different population groups. This study set out to examine whether the same equations can be used to predict stature from measurement of ulna length in British and Portuguese populations of hospitalised patients. It also aimed to examine the extent to which errors associated with the estimation of height affect estimates of BMI, and, in critically ill patients, the extent to which it affects estimates of tidal volume.
Materials and methods
In England, the data were obtained from an unselected group of consecutively admitted patients (n ¼ 432) distributed between a variety of wards (surgical, medical, orthopaedic and care of the elderly wards) at Southampton General Hospital. All measurements were made by staff who had been trained in the same way by the same instructors to ensure consistency in ulna length and standing height, which were obtained on all the subjects studied. None of the patients in England were in intensive care units, but some were suffering from severe illness. In Portugal, the patients, all white Caucasians, were distributed between two hospitals (Hospital Padre Américo, Penafiel and Hospital Santo Antó nio, both in Porto, northern Portugal) and those with severe illness distributed between intensive care units (n ¼ 43) and neurosurgery wards (n ¼ 32), both of which included patients with head injury. Measurements of height on all subjects were made in the lying position by a single observer, who applied the same procedure throughout the study. Details of the subjects studied are shown in Table 1 , according to gender, age category (o65 years and X65 years) and country. The characteristics of all the subjects combined (n ¼ 507; 264 men and 243 women) were as follows: age, 61.8±18.9 years, height, 165.1±9.5 cm and BMI, 26.7 ± 5.43 kg/m 2 . In England, weight was measured using calibrated electronic standing scales or sitting scales to the nearest 0.1 kg, and standing height using a stadiometer to the nearest 0.1 cm. The stadiometers were calibrated against national reference standards in the form of steel bars (5-feet (152.4 cm) and 6-feet long (182.9 cm)). In Portugal, the weight of critically ill patients was measured using electronic Hill-Rom bed scales (to the nearest 0.1 kg) (Hill-Rom Corporate Offices, Batesville, IN, USA) and lying height to the nearest 0.5 cm by the same observer and the same measurement procedure in all subjects (Duarte and Catellani, 2002) . With the subject lying flat in bed, the head facing upwards and the arms along the side of the body, a right-angled plastic triangle was placed on the top of the head and at right angles to the surface of the bed. A pencil mark was made on a stretched bed sheet at the apex of the right angle between the top of the head and the bed. A similar procedure was used to mark the bottom of the bed sheet, with the foot flexed and perpendicular to the surface of the bed. The distance between the two marks was measured with a non-stretchable tape. The tape was cross-checked for consistency and accuracy in England against the reference steel bars referred to above and the stadiometers. Ulna length was measured according to the procedure described elsewhere (Elia M (chairman & editor), 2003) . Essentially, the distance between the midpoints of the bony protrudance of the olecranon process at the wrist and the styloid process was measured with the arm folded across the chest with the fingers pointing in the opposite shoulder. The measurements were made on the left side whenever possible. The same observer who made triplicate measurements of lying height in the critically ill patients also made triplicate measurements in a separate group of 13 individuals who could stand up from the hospital bed so that they could also have their standing height measured in duplicate. The difference between standing (175.5±11.0 cm (range 156.0À193.0 cm)) and lying height (175.0 ± 10.6 cm (range 156.3-192.8 cm)) was not statistically significant (0.56 ± 1.31 cm), and it was not related to the mean of the average of the two measurements or to body weight. The intra-observer coefficient of variation for measurement of lying height on the same subjects was 0.99%. It was estimated to be 0.57% for the average of triplicate sets of measurements on the same subjects.
The intra-and inter-observer coefficient of variation for standing height was o1%. For ulna length it was also low (coefficient of variation of o1% for intra-observer variation and 1.7% for inter-observer variation, respectively). The clinical study in Portugal was approved by the local ethics committee and informed written consent was obtained. In England, ethical approval for the measurement of ulna length, height and weight was obtained from the Local Ethics Committee and from patients, but the project was also part of a programme on Service Development, which does not require consent.
Calculations and statistical methods BMI (weight (kg)/height 2 (m 2 )) was calculated for both measured and predicted height (the prediction being based on ulna length): BMI (weight (kg)/height 2 (m 2 )). Predicted (also called reference) body weight (kg) for calculation of tidal volume was calculated separately for men and women (predicted reference weight (men) ¼ 50 þ 0.91(height (cm)) À152.4; predicted reference weight (women) ¼ 45.5 þ 0.91 (height (cm)) À152.4) as in other studies (The acute respiratory distress syndrome network, 2000). This reference weight was calculated twice for each subject: once using measured height and once using predicted height.
Results are expressed as mean and s.d., regression coefficients and standard error of the estimate (s.e.e.). Regression analysis, including examination for homogeneity of regression (whether regression coefficients differ significantly between the Portuguese and English groups), was also undertaken (Hays, 1994) . The Bland and Altman analysis was used to compare results obtained by two different methods (for example, lying and standing height) (Bland and Altman, 1986) . All the analyses were undertaken using SPSS version 17 (SPSS, Chicago, IL, USA).
Results
Ulna length was significantly lower (Po0.05) in the Portuguese than English groups of men and women aged o65 years as well as those aged 65 years and over. The Portuguese were also shorter (significantly so in men o65 years and in women aged 65 years and over (Po0.05)). There were no significant differences in age between the different subgroups of English and Portuguese women. However, Englishmen aged 65 years and over were slightly older than the Portuguese by an average of 4 years (Po0.05).
Ulna length measurement was undertaken without difficulty in all subjects, taking p1 min to complete. The relationship between measured height and ulna length is shown in Figure 1 according to gender and age category (o65 years and X65 years). There was no significant effect of country in any of the subgroups (irrespective of whether the regression model included the country-ulna length interaction term, which itself did not attain statistical significance). Thus, there is confidence in assuming homogeneity of regression coefficients between the English and Portuguese population groups. There was also no significant difference in the intercepts between the Portuguese and English groups.
The following equations were derived from bivariate regression analysis for all patients:
Predicted height (cm): Men o65 years ¼ 84. The relationship between measured height and predicted height (based on ulna length) for all the subgroups combined is shown in Figure 2 . Again, there was no evidence that the assumption of homogeneity of regression coefficients was breached for the English and Portuguese populations (and the intercepts did not differ significantly from each other). A Bland and Altman plot of this data (Figure 3) shows that there was a small bias in height measurements (recumbent-standing height) of À0.65±4.57 cm with no significant difference between the English and Portuguese groups (mean À0.60 vsÀ0.90 cm, respectively). However, the difference in height (predictedÀmeasured) was significantly related to the average of the two height measurements (although not significantly different between English and Portuguese groups), so that for every 10 cm above 161 cm, predicted height was lower than measured height by 1.5 cm, and for every 10 cm below 161 cm, predicted height was 1.5 cm higher than the measured height (r ¼ 0.29) (Figure 3) . A similar relationship (r ¼ 0.265) was found when 1/ht 2 was considered. However, no such significant effects were observed when predicted BMI (using ulna length to predict height) and measured BMI were examined in the same way. Table 2 summarises the difference between predicted and measured height according to gender, age category and country. Figure 5 ). There were also no significant differences in these parameters between the English and Portuguese groups.
In the Portuguese group of critically ill patients, height was used to predict a reference weight (see Materials and methods), which was in turn used to estimate tidal volume in patients requiring or at risk of requiring artificial ventilation (tidal volume (ml) ¼ predicted weight (kg) Â 8 ml/kg)). The predicted weight was 55.1±10.3 kg using measured height, and 54.5 ± 9.4 kg using height predicted from ulna length (difference À0.6 ± 3.2 kg; regression coefficient in the Bland and Altman analysis (difference between the two measurements regressed on mean of two measurements) was found to be À0.09; P ¼ 0.14). The s.d. of the difference corresponded to À0.7 ± 7.1% of the predicted weight and also for tidal volume, as this was calculated as multiples of predicted weight.
Discussion
Although a variety of surrogate measures for height are available (for example, knee height and demispan), ulna length is probably the easiest to carry out routinely in various groups of hospitalised patients, including those resting in bed or on a chair. The data from this study suggest that ulna length can be measured with high precision, and that the same prediction equation can be used to estimate height in English and Portuguese patients, without introducing a significant bias between them. Differences may exist between groups of Caucasian and non-Caucasian subjects, as has been found for other surrogate measures of height. For example, different equations have been established for Ulna length predicts height VM Barbosa et al predicting stature from knee height in white and black populations (Chunlea and Guo, 1992) , Japanese (Myers et al., 1994; Knous and Arisawa, 2002) , Hispanics (Palloni and Guend, 2005) and Thai people (Cheng et al., 2001) . As ulna length-height relationships have also been established in different populations in different ways, care should be taken about extrapolation from children (Valk, 1971; Cheng et al., 1998; Gauld et al., 2004; Smith, 2007) to adults (Elia M (chairman & editor), 2003; Agnihotri et al., 2009; Auyeung et al., 2009) , and vice versa, between different ethnic groups, (Joshi et al., 1964; Elia M (chairman & editor), 2003; Gauld et al., 2004; Auyeung et al., 2009) , between different measurement techniques (Munoz et al., 2001; Elia M (chairman & editor), 2003; Gauld et al., 2004; Zhou et al., 2007) and between healthy subjects and those with marked osteoporosis or scoliosis. In one study involving community dwelling older Chinese (65-98 years) attending an osteoporosis centre, predictions of height based on ulna length was found to be comparable to that obtained from fibula length. (Auyeung et al., 2009) . It is also thought that poor nutrition in utero (Elia et al., 2007) and childhood (Tanner et al., 1982; Gunnell et al., 1998; Jantz and Jantz, 1999; Bogin et al., 2001 Bogin et al., , 2002 reduces leg length relative to trunk length and/or trunk plus head length, and this will affect the prediction of height from lower limb measurements. The extent to which these considerations apply to upper limb measurements, especially distal limb lengths (for example, ulna length), is unclear.
This study did not aim to assess the relative merits of different proxy measures of height, although a previous report involving hospitalised patients suggested a similar overall performance of demispan, knee height and ulna length in predicting height, and a tendency for self-reported height to perform just as well, if not better, than these three individual surrogate measures (Elia M (chairman and editor), 2003) . Self-reported height has also been found to perform well in a group of elderly subjects (mean age 79.3±8.6 years) living in sheltered housing in England (Elia and Russell, 2009 ). However, in unconscious, moderately to severely demented or confused patients, and in those who are unable to speak it may be necessary to use ulna length or other surrogate measures of height. Measurement of recumbent height can be time consuming and difficult to perform accurately, and studies in adults and children have reported a tendency for recumbent height to be greater than standing height. This difference, which varies considerably between studies (from 0.3 to 3.7 cm; 0 to over 2% of height) (Palmer, 1932; McCammon, 1970; Roche and Davila, 1974; Gray et al., 1985b; Watt et al., 1995) , almost certainly depends on the methodology used. Different observers have been reported to record significant differences in lying height relative to standing height, even when apparently following the same measurement procedures in the same group of patients (Gray et al., 1985a) . In our study, only one observer made measurements of recumbent height using the same standardised technique, and when these were compared with measurements of standing height in the same group of individuals who could get out of bed, the matched measurements did not differ significantly from each other. Circadian variations in height, reported to occur to the extent of 1.1% of stature (Reilly et al., 1984) , are unlikely to have played a major role in our study, as measurements of recumbent and standing heights were made immediately after each other. Another feature of our study is that the difference between measured and estimated height was related to height (mean of measured and estimated height) but this was not the case with BMI. The overall relationship with height was found to exist after amalgamation of results of four equations, which separately considered men and women above and below 65 years of age. The lack of a relationship with BMI (weight/ height 2 ) is due to the effect of weight, which counteracted the relationship with the reciprocal of height 2 . The study also assessed the effects of using predicted height instead of measured height to calculate BMI and the ventilatory requirements (tidal volume) in critically ill patients. The mean and s.d. of the difference was found to be 0.7±7.1% of the average of the two calculated tidal volumes, which is generally acceptable in routine clinical practise. In the case of BMI, the mean and s.d. of the difference was 0.2±1.5 kg/m 2 , being slightly lower than the value obtained using demispan in 101 elderly men and women (0.7 ± 5.5%; Kwok and Whitelaw, 1991) .
Among the limitations of the study are the relatively small number of Portuguese subjects (n ¼ 75), especially when subdivided into groups according to age and gender, and the limited/lack of national and racial diversity of the two populations. Therefore, larger studies with an extension into different population groups, including non-Caucasians, would be valuable.
